The products of amino acid incorporation by pea (Pisum sativum L.) leaf soluble fraction polyribosomes in the wheat germ system were examined by two-dimensional electrophoresis and fluorography.
In the same experiments, labeling of the large subunit spots was sharply below background; these results confirm a cytoplasmic site of synthesis for small subunits of ribulose bisphosphate carboxylase.
Ribulose-1,5-bisphosphate carboxylase (EC 4.1.1.39) in higher plants and several algae contains polypeptide subunits of mol wt about 55,000 ("large") and 13,000 ("small") (13, 17, 19) .
In isolated pea chloroplasts, a protein with electrophoretic mobility and peptide map characteristic of native large subunit was labeled with a radioactive amino acid by light and ATPdependent processes (1) ; no small subunit labeling was observed in these experiments. More recently, it has been shown that isolated wheat leaf polyribosomes promote the incorporation of [3H]leucine into a protein with electrophoretic mobility identical to that of small subunit and into small subunit tryptic peptides (22) . Since this incorporation occurs in a completely chloramphenicol-resistant manner, it follows that cytoplasmic ribosomes are responsible for synthesis of the small subunit.
Earlier immunological data had suggested that ribosomes engaged in synthesizing small subunits might be components of a low speed sedimentable fraction in homogenates of greening wheat (9) .
The present experiments were designed to see whether polyribosomes engaged in small subunit synthesis were preferentially localized in low speed sedimentable fractions of pea leaf homogenates.
MATERIALS AND METHODS Plants. Pisum sativum L. Progress No. 9 seeds (Agway, I Supported by National Institutes of Health Grant GM-21670 and 23353 to H. R. 2 To whom reprint requests should be sent.
Buffalo, N.Y.) were hydrated overnight and grown in vermiculite for 2 weeks at 25 C on a 12-hr day-night cycle. Young leaves, usually less than 1 cm in diameter, were cut and stored in liquid N2for subsequent polyribosome isolation. Older plants' leaves were used for isolation of marker carboxylase. Chemicals. Creatine phosphate, creatine phosphokinase, ATP, guanosine-5'-triphosphate, DTT , and amino acids were obtained from Calbiochem. Ultra-pure sucrose, urea, and ammonium sulfate (Schwarz/Mann) were employed throughout. NP-40 detergent was obtained from Particle Data Laboratories, Elmhurst, Ill. All other chemicals were reagent grade or the highest purity available.
ISOLATION OF RIBULOSE BISPHOSPHATE CARBOXYLASE
Pea leaves (100 g) were homogenized in 300 ml of 0.05 M tris-0.02 M ascorbate-7 mm mercaptoethanol (pH 8) at 0 to 4 C in a Waring Blendor and centrifuged at 30,000g for 10 min. The supernatant was rendered 50% saturated in ammonium sulfate and centrifuged at 10,000g for 10 min. The resulting pellet was dissolved in 15 ml of 0.05 M tris-HCI (pH 7.6) and applied to a Bio-Gel A5M column (2.5 x 50 cm) and eluted overnight with the same buffer. The carboxylase peak (the second major peak in the A-275 profile) was pooled, precipitated as before with ammonium sulfate, and dialyzed for 2 hr against 200 volumes 0.05 M tris-HCI (pH 7.6), and then applied to a 5 to 20% sucrose gradient in the same buffer and centrifuged for 17 hr at 120,000g, at 4 C in the SW 27 rotor of a Beckman L2-65 ultracentrifuge. The fastest sedimenting peak in the sucrose gradient profile was repurified on a second, identical sucrose gradient, and the final purified carboxylase was stored as s supension in 50% saturated ammonium sulfate-25 mm tris-HCl (pH 7.6) at 0 to 4 C. The final preparation was 99% homogeneous in acrylamide gel electrophoresis under nondenaturing conditions, and contained large and small subunits with minor detectable contaminants in SDS-acrylamide gel electrophoresis (Fig. 1) .
ISOLATION OF POLYRIBOSOMES
The methods used are based partly on the procedures of Blobel and Potter (2) used for isolation of "bound" and "free" ribosomes of rat liver, with buffers and salts altered to preserve plant polyribosome integrity (7) .
Method I. Twenty g of young pea leaves were removed from liquid N2 and placed in a prechilled ceramic mortar. When the temperature of the leaves reached -10 C they were ground vigorously with a hand-held pestle in 200 ml of ice-cold 0. The pellet was resuspended in 30 ml of the same solution containing 1% Triton X-100. This was applied to a second step gradient of sucrose and centrifuged for 10 hr at 27,000g to obtain a total sedimentation equivalent to that of the first sucrose step gradient centrifugation. The resulting pellet ("sedimentable fraction polysomes") was dissolved in 0.05 M HEPESKOH (pH 7.6)-0.02 M KCl-5 mm Mg Acetate-0.007 M mercaptoethanol and stored in liquid N2. Sucrose gradients showed that the soluble fraction ribosomes were >90% polysomes, while sedimentable fraction ribosomes were >75% polysomes (not shown).
Method II. Because of the extra time involved in preparing sedimentable fraction polyribosomes by method I, we carried out some experiments with sedimentable fraction polyribosomes isolated from a crude 30,000g pellet of a homogenate prepared as described in method I but without sucrose, so as to facilitate rapid pelleting of membranes. This crude pellet was washed, lysed with 2% NP-40, and centrifuged in parallel with the 30,000g supernatant. Sedimentable fraction polyribosomes prepared by this method were contaminated with green material. Sucrose gradients (not shown) indicated that both soluble and sedimentable fraction ribosomes were >90% polyribosomes.
AMINO ACID INCORPORATION
The procedures described in (22) were followed, except that a mixture of 15 "4C-amino-acids (Schwarz/Mann) and five unlabeled amino acids were employed. Generally five A2,,, of soluble fraction polysomes, and as little as one A.,,6, of sedimentable fraction polysomes were incubated per 0.3 ml of total reaction mixture containing 2.5 mm HEPES-KOH, 0.1 M KCI, S mM Mg acetate, 2 mM DTT, 1 mM ATP, 2 to 4 x 10' M aurintricarboxylic acid, and the amino acids. Incubation was carried out for 40 min at 25 C, during which the incorporation of "4C into acid-precipitable material as a function of time was linear.
ANALYSIS OF PRODUCTS OF PROTEIN SYNTHESIS
A modification of the method of O'Farrel (18) was employed. The completed proteins were collected from a 150,000g supernatant of the reaction mixture, mixed with 30 ,ug RuBPCase,: and dried by a stream of N2 or lyophilization, dissolved in 30 ,tl 9.5 M urea-2.5% NP-40-2% Ampholines (LKB, pH 3.5-10)-5% mercaptoethanol. They were then applied to isoelectric focusing gels made up as described by O'Farrel containing 8 M urea, 2% NP-40, but with pH 3.5 to 10 Ampholines replacing the pH 5 to 7 Ampholines. Isoelectric focusing was carried out overnight until v x hr ¢ 5,000, and the gels were stored with or equilibrated with 10 ml 2.3% SDS-5% mercaptoethanol-0.0541 M tris * H.,SO (pH 6.1)-20% glycerol-0.005% bromophenol blue, for 2.5 hr. The gels were then applied to the top of a stacking gel in a Studier-type apparatus (Bob Dillingham, Aqueboque Machine and Repair Shop, Long Island) using 0.5 ml of molten 1 agarose in 0.1% SDS, 0.0541 M tris H2SO4 (pH 6.1) as an adhesive. For many of the experiments, the gradient slab gel method of Chua and Bennoun (5) was substituted for that described by O'Farrel. The current was kept at 10 mamp or less until the tracking dye entered the polyacrylamide gradient, and then was set at 17.5 mamp until the tracker dye was 1 cm from the bottom of the gradient gel. The method of O'Farrel, however, gives comparable results (18) and was used for the experiment in Figure 5 .
The gel was fixed overnight in 50% ethanol-7% acetic acid to remove staining Ampholines, and then stained by the method of Weber and Osborn (24) and photographed. The gel was then soaked in dimethylsulfoxide and PPO and fluorographed as described by Bonner and Lasky (4).
RESULTS
The data in Table I show the recovery of polyribosomes isolated from soluble and 30,000g sedimentable fractions as described under "Materials and Methods." There are minor variations in the recovery of sedimentable polyribosomes, and in their apparent integrity, depending on the exact procedures used: the proportion of recovered polyribosomes obtained from the sedimentable fraction varies from 3 to 15% and the proportion of these sedimenting faster than 80S varies from 75 to 90%.
The data in Table II gradient gels was high (5), there were so many low mol wt species present that small subunits could not be resolved.
In order to resolve small subunit from among all of the labeled proteins in the low mol wt region, we employed twodimensional electrophoresis essentially as described by O'Farrell (18) . For standards, purified small subunit (23), or RuBPCase were employed. When either of these proteins was subjected to two-dimensional electrophoresis, there were always just two low mol wt spots corresponding to small subunit, always of approximately equal staining intensity; when the carboxylase was used, there were in addition three to five intensely staining high mol wt spots, clustered together, and a variety of minor contaminants which cannot be seen in the print (Fig. 3b) . Analysis of proteins from wheat germ supernatant showed that the large and small subunit spots were not present (Fig. 3a) . Thus, when carboxylase and wheat germ proteins are mixed and analyzed in the same sample, the positions of large and small subunit can be identified unambiguously in the same gel.
The 14C-labeled proteins from soluble fraction polyribosomes incubated in the wheat germ system were thus mixed with RuBPCase and subjected to two-dimensional electrophoresis; the gel was stained, saturated with PPO, dried, and exposed to x-ray film. Figure 4 shows the distribution of the radioactive material recorded by the x-ray film. About 80 different spots can be counted on the print. More importantly, the collection of low mol wt proteins is substantially resolved into several discrete species which stand out detectably from the background.
Various features on the film can be correlated directlv with stained regions on the dried gel to which it has been exposed, or with cracks on the gel, etc. For example: (a) the column of labeled bands on the right corresponds with a relatively much fainter stained column on the gel, and represents proteins which, possibly because they were insoluble during electrophoresis in the first dimension, accumulated at the alkaline end; however, in the second dimension, solubilized by SDS, they migrated approximately 20,000 dalton protein by the wheat germ system alone (Fig. 2) . Even allowing for as much as a 4-fold isotope dilution by endogenous amino acids, it is evident that on the average, each polypeptide chain was extended by no more than about 10 to 40 amino acid residues. This corresponds essentially to a "run-off" synthesis (22) in which no more than one or two polypeptide chains are completed and released/ribosome. Thus, the distribution of released chains corresponds to the distribution of polyribosomes engaged in their synthesis. The data in Figure 2 show that the mol wt distributions of
[35S]methionine-labeled proteins released in vitro by soluble and sedimentable fraction polyribosomes were similar, although extents of labeling differed. Note that two proteins, of 20,000 and less than 10,000 daltons, are synthesized by the wheat germ system alone, and that their synthesis is not enhanced by the addition of exogenous polyribosomes. These results were independent of the method used for isolation of the polyribosomes, hence independent of variations in polyribosome integrity over the range 75 to 90% RuBPCase and subjected to two-dimensional electrophoresis as described under "Materials and Methods," and fluorographed with Kodak RP/54 film at -65 C for 2 weeks. The developed film was copied onto a negative by direct contact exposure, and a print made from the negative. Left to right corresponds to an increase in pl from 3.5 to 10; the downward direction corresponds to decreasing mol wt in the SDS direction. Arrows (S) point toward positions corresponding to stained small subunit spots visible on the dried gel; arrow (L) points toward a cluster of clear areas (above the small subunit spots) which correspond exactly with large subunit spots. straight down. (b) In the high mol wt region, there is a cluster of areas where the exposure is sharply below that of the surrounding background; these "ghosts" correspond to the large subunit spots visible on the dried gel. These and other landmarks can be used to align the film with the gel. When this is done, it can be seen that two spots on the x-ray film correspond exactly in size, form, and location to the two visible small subunit spots on the dried gel. It should be noted that the pattern of stained spots on the dried gel was equivalent to the pattern expected if one were to superimpose Figure 3a and b.
In other experiments, we found that the more acidic of these two small subunit spots was less intensely labeled than its more alkaline counterpart (Fig. 5) . This was the case with both the soluble fraction polyribosomes and sedimentable fraction polyribosomes in the experiment shown. Superimposition of the original x-ray films in the local area of the small subunits showed that the spots coincided very closely in shape and arrangement; similarly close agreement in any other comparable area on the two films was also observed. Since it is practically impossible to ensure that the gels on which the samples are electrophoresed are physically identical, one does not expect any closer matching of the two films than that which is indeed found; every resolvable spot on film B has a resolvable counterpart on film A.
DISCUSSION
It has been shown before that amino acid incorporation by polyribosomes added to the wheat germ system is sufficient for the completion of one or perhaps two polypeptides/polyribosome (22) . The capacity for reinitiation in wheat germ extracts is not employed under these conditions, primarily because elongation is rate-limiting, and secondarily because of the deliberate addition of aurintricarboxylic acid. The variations in amino acid-incorporating ability by different preparations of polyribosomes are therefore of minor importance: all reactions observed were of the run-off type. Thus, the distribution of released, discrete labeled chains roughly corresponds to the distribution of polyribosomes engaged in their synthesis.
The technique of two-dimensional electrophoresis is clearly of high resolution when applied to intact proteins (18) . In our hands, the properties of in vitro synthesized proteins appear less favorable, in that these tend to stick to the top of the electrofocusing gels, especially when over 40 ug of protein are applied to the gels. This leads to a lower resolution of labeled proteins. Whether this is a "carrier" effect or reflects a difference in the solubility properties of recently synthesized proteins compared to native proteins is still not clear. Despite this problem, many labeled proteins do behave well, and focus themselves at specific loci in the gels.
We were led to attempt these experiments because of immunological evidence suggesting that small subunit-synthesizing ribosomes were localized in a cell fraction which could be isolated by low speed sedimentation (9) . The results we obtained, however, demonstrate that small subunit-synthesizing polyribosomes are proportionately represented among the polyribosomes of both the low speed sedimentable fraction and the soluble fraction of the homogenates. Because almost all of the recoverable polyribosomes seem to be derived from the soluble fraction, and the patterns of proteins labeled by polyribosomes of both fractions seem to be the same, we conclude that the bulk of small subunit-synthesizing polyribosomes are in the soluble fraction of pea leaf homogenates. (Table   II) were subjected to two-dimensional electrophoresis and fluorography as described in Figure 4 . A: Soluble fraction products; B: sedimentable fraction products; C: contrast-enhanced enlargement of low mol wt region for sedimentable fraction products. Significance of arrows is the same as in Figure 4 .
SMALL SUBUNIT POLYSOMES
Published electron micrographs of bean, barley, and pea leaves (3, 6, 10-12) strongly suggest that "free" cytoplasmic ribosomes far outnumber those which are bound to membranes. If one makes the assumption that the solutions required for polyribosome isolation (7) have no effect on ribosome-membrane interaction, one would expect to recover more ribosomes from the soluble fraction of leaf homogenates than from the sedimentable fraction. Our data indicate that such is the case.
The apparent absence of any labeled protein specific for sedimentable fraction polyribosomes leaves open the possibility that these two fractions do not represent biologically different populations. The operations used, however, make it very unlikely that the recovery of sedimentable fraction polyribosomes is merely due to volumetric trapping in the membrane-containing pellets. These pellets represent about 1% of the volume of the extracts from which they are sedimented, and are washed once before detergent treatment, so that polyribosome yields of 5% are well above what would be reasonably attributed to cross-contamination. Although one infers that the ribosomes are attached to membranes, it is difficult to imagine why this should be biologically important if all of the proteins they make are also made in the cytosol.
It is known that from 15 to 30% of chloroplast ribosomes in peas are engaged in synthesis of the large subunit of RuBPCase (1, 9) . Our data show that there is no detectable labeling of large subunit polypeptides in the wheat germ extract supplemented with leaf polyribosomes. Inasmuch as these preparations probably contain chloroplast polyribosomes, the absence of large subunit labeling confirms the specificity of the wheat germ system for cytoplasmic ribosomes (16, 22) . The data presented here therefore confirm the in vitro evidence that small subunits of higher plant RuBPCase are synthesized in the cytoplasm (22) .
The heterogeneity of large and small subunits revealed by two-dimensional electrophoresis resembles that observed with carboxymethylated large and small subunits of tobacco RuBPCase (14) . The detection of this heterogeneity requires the use of techniques which are sensitive to differences in net charge on the denatured polypeptides; by all other analytical criteria, the protein is pure RuBPCase, divisible into two subunit classes by denaturation in urea or SDS (23) . While the large subunit heterogeneity varies from one preparation to another, giving three to five or even more spots, the small subunits are always found in the same two places. This result suggests that at least the small subunit heterogeneity reflects a characteristic of the enzyme in vivo, rather than a partial modification introduced during isolation or analysis of the enzyme.
Since the isoelectric focusing step is begun right after disruption of the enzyme in mercaptoethanol and high concentrations of urea, it is unlikely that the heterogeneities are due to conformational differences among the polypeptides. They are probably due to charge differences, which reflect either amino acid sequence differences or side group modifications, such as acetylations.
The fact that each of the small subunit spots is labeled when polyribosomes function in the cell-free heterologous system raises the question whether there are two different messages for small subunit in peas. It is possible that only one mRNA type is present, however, and that prior side chain modification in vivo or even post-translational modification in the cell-free system can occur, leading to the appearance of the two small subunit spots. The variability in labeling of the spots could be related to such a phenomenon, or could reflect different concentrations of two different small subunit messenger RNAs in vivo, or it could be an analytical artifact.
The possible existence of a 20,000 dalton precursor of the small subunits is not excluded by these data, since immunological criteria were not used in selecting the polypeptides from the reaction mixture, and since numerous heterologous proteinsynthesizing systems are known to be capable of carrying out appropriate post-translational modifications of the proteins they make (8, 15, 22) . * Our data do not support a model in which native small subunits are preferentially synthesized on membranes of the endoplasmic reticulum (9, 20) , but favor one in which soluble polyribosomes release small subunits (or their precursors) into the cytosol, whence they travel by some unknown path to some unknown site of assembly.
